Context. The discovery and tracking of 2018 LA marks only the third instance in history that the parent body of a fireball has been identified before its eventual disintegration in our atmosphere. The subsequent recovery of meteorites from 2018 LA was only the second time materials from outer space that reached the ground could be linked with certitude to a particular minor body. However, meteoroids like 2018 LA and its forerunners, 2008 TC 3 and 2014 AA, are perhaps fragments of larger members of the near-Earth object (NEO) population. As the processes leading to the production of such fragments are unlikely to spawn just one meteoroid per event, it is important to identify putative siblings and plausible candidates from which the observed meteoroids might have originated.
Introduction
Planet-crossing asteroids may deliver meteorites to the inner planets when their paths intersect with those of the planets at the proper times, leading to an impact (see e.g. Morbidelli & Gladman 1998) . On the Earth, meteorites collected after the observation of bright fireballs or bolides have sometimes been tentatively traced back to the near-Earth object (NEO) population or collisional events in the main asteroid belt (see e.g. Trigo-Rodríguez et al. 2007 Olech et al. 2015; Granvik & Brown 2018) . However, only in two cases, those of 2008 TC 3 (Jenniskens et al. 2009 ) and 2018 LA, 1 the parent body of the meteor airburst that produced the recovered meteorites was observed prior to entering the atmosphere of our planet. In fact, just three natural objects have been discovered before colliding with the Earth: the two already mentioned and 2014 AA (de la Fuente Marcos et al. 2016; Farnocchia et al. 2016) , but the impact of 2014 AA took place over the Atlantic Ocean, far from any land masses. All three were small Apollo asteroids that might well have been fragments of larger objects. In Send offprint requests to: C. de la Fuente Marcos, e-mail: nbplanet@ucm.es 1 Fragments found in Botswana's Central Kalahari Game Reserve. the event of having been fragments, identifying their parent bodies could be quite difficult as they tend to follow rather chaotic pre-impact orbits (see e.g. de la Fuente Marcos et al. 2016 ) and perhaps be the result of collisional cascades that produce multigeneration fragments, that is, fragments of fragments (see e.g. Farinella et al. 1994 ).
In principle, meteoroids like 2008 TC 3 , 2014 AA, or 2018 LA can be spawned by another small body from a larger object during subcatastrophic collisions (see e.g. Durda et al. 2007 ), but they can also be released as a result of the Yarkovsky-O'Keefe-Radzievskii-Paddack (YORP) mechanism (see e.g. Bottke et al. 2006) or out of tidal disruption events during very close encounters with planets (see e.g. Schunová et al. 2014) . Here, we investigate the existence of a possible excess of NEOs in orbits similar to that of 2018 LA, parent body of the fireball observed over South Africa and Botswana on 2018 June 2. This paper is organized as follows. In Sect. 2, we present the data used and provide the details of our numerical model. Section 3 investigates the existence of putative siblings of 2018 LA and of plausible candidates from which meteoroids like 2018 LA might have originated. Observational evidence on periodic meteor activity perhaps linked to 2018 LA is presented in Sect. 4. In Sect. 5, we compare with predictions from a new four-dimensional A&A proofs: manuscript no. fragment model of the NEO population. Our results are discussed in Sect. 6 and our conclusions summarized in Sect. 7.
Meteoroid 2018 LA: data and tools
Asteroid 2018 LA was first observed on 2018 June 2 by R. A. Kowalski using the 1.5-m telescope of the Mount Lemmon Survey in Arizona (Kowalski et al. 2018) and it was soon determined 2 that it was on a probable collision course with our planet. As a boulder-sized object, it was expected to disintegrate in the atmosphere, well above the surface of the Earth, producing a bright fireball. The fireball was indeed observed (Kowalski et al. 2018) and consistent infrasound signals were detected by the sensors of the Comprehensive Nuclear-Test-Ban Treaty Organization (CTBTO, Mialle, 2018, priv. comm.) .
The orbit determination of 2018 LA available from Jet Propulsion Laboratory's (JPL) Small-Body Database (SBDB) 3 has been updated several times since the discovery of the object and the latest solution (computed by D. Farnocchia on 2018 July 24) is based on 15 data points -14 optical observations and one fireball report. Table 1 , second column from the right, shows the latest orbit determination released by JPL's SBDB. A preliminary exploration of the preimpact orbital evolution of 2018 LA using two previous orbit determinations (also published by JPL's SBDB) can be found in de la Fuente Marcos & de la Fuente Marcos (2018a) and de la Fuente Marcos & de la Fuente Marcos (2018b) . In the following we only consider the latest one, which is probably and currently the most accurate, publicly available orbit determination of 2018 LA.
In order to study the orbital evolution of 2018 LA and related objects, we have used a direct N-body code that implements a fourth-order version of the Hermite integration scheme (Makino 1991; Aarseth 2003) . The standard version of this software is publicly available from the Institute of Astronomy of the University of Cambridge web site. 4 Practical details of this code, of solar system integrations, and of our overall approach and physical model are described in de la Fuente Marcos & de la Fuente Marcos (2012) and de la Fuente Marcos & de la Fuente Marcos (2018c). Uncertainties are included in our analysis by applying the covariance matrix methodology described in de la Fuente Marcos & de la Fuente Marcos (2015) . The covariance matrices necessary to generate initial conditions have been obtained from JPL's SBDB, which is also the source of other input data and ephemerides. Averages, standard deviations, interquartile ranges (IQRs), and other statistics have been calculated in the usual way (see e.g. Wall & Jenkins 2012) . Figure 1 shows the orbital evolution of the nominal orbit (second column from the right in Table 1 ) of 2018 LA (in red) prior to becoming a fireball. Although our current study is based on the latest public data, the dynamical behaviour of 2018 LA is quite sensitive to initial conditions and its past orbital evolution diverges quickly for the various solutions released by JPL's SBDB (compare with the values of the orbital elements of 2018 LA remain well confined within a relatively narrow region of the NEO orbital parameter space (see dispersion ranges in Fig. 2 as red curves and average values as black ones).
Matching paths
As pointed out above, meteoroids like 2008 TC 3 , 2014 AA, or 2018 LA might have been fragments of larger members of the NEO population and none of the various processes that can lead to the production of such fragments are likely to spawn just one meteoroid per event. Therefore, when 2018 LA was released, other debris may have followed. If this happened during the relatively recent past, it may still be possible to identify putative siblings of 2018 LA and even plausible candidates from which the observed meteoroids may have originated (see e.g. Ye et al. 2018) . Following the approach discussed in detail by de la Fuente Marcos & de la Fuente Marcos (2018c), we have used the D-criteria -which are metrics used to decide whether two orbits bear some resemblance -to search the known NEOs for objects that could be dynamically similar to 2018 LA. First, we have selected NEOs with D LS and D R < 0.05 (the lower the relative D value, the more similar the orbits are) and then studied their dynamical evolution using N-body integrations; D LS in the form of Eq. (1) in Lindblad (1994) and the D R in the form of Eq. (30) in Valsecchi et al. (1999) . We must emphasize that having similar orbits in terms of the values of the osculating orbital elements is not enough to claim a dynamical connection, the orbital evolutions over a suitable time interval must be consistent as well. We have found well over two dozen objects whose current orbits resemble that of 2018 LA in terms of size (a), shape (e), and orientation in space (i, Ω and ω), but the final sample does not depend on Ω and ω due to the mathematical forms of D LS and D R . Out of this sample, some of them follow orbital evolutions that compare well with that of 2018 LA. In Fig. 1 , we highlight the cases of (454100) Table 1 ) has the lowest values of the Dcriteria, its past evolution (in blue in Fig. 1 ) is less similar to that of 2018 LA than those of 454100 (in black) or 2018 BA 5 (in green, see nominal orbit in Table 1 ). When considering the uncertainties in the orbit determinations (see Table 1 ), 2018 TU appears to be the closest dynamical relative of 2018 LA, if the evolution in Ω is not taken into account (see Fig. 2 , with 2018 LA in black/red and 2018 TU in purple/lilac).
The case of the potentially hazardous asteroid (PHA) 454100 deserves special consideration (see nominal orbit in Table 1) because it has a size of 550 m (H = 20 mag, see Table 4 We have repeated the analysis shown in Fig. 2 for 2018 LA (black/red curves) in the case of several of the relevant minor bodies mentioned before and found that 454100 represents a promising match in the search for a candidate to be the parent . Average values are displayed as thick curves and their ranges (1σ uncertainties) as thin curves. This figure shows results for 500 control orbits of each object; initial positions and velocities have been computed using the covariance matrix. The zero-point in time is as in Fig. 1 .
body of 2018 LA as it is the largest of the sample. The grey and pink curves in Fig. 2 show the results of the simulations, and the orbits of 454100 and 2018 LA are fully consistent in terms of size and shape when 3σ deviations are taken into account. The A&A proofs: manuscript no. fragment orientation in space is somewhat different, but this opens the possibility of allowing truly close fly-bys between these two objects. We have performed 10 5 N-body experiments integrating the orbits of 454100 and 2018 LA backwards in time for 2000 yr and found that encounters at distances below 5000 km are possible; in fact, nearly 11.5% of the experiments produce an encounter at a mutual separation below one Lunar distance (384 402 km). These encounters take place at perihelion, at about 0.79 AU (median value) from the Sun and in the neighbourhood of Venus, during the time window 500-1500 yr ago, and at relative velocities close to 2.6 km s −1 . The relative velocity at minimum separation between two virtual NEOs following control orbits statistically compatible with those of 454100 and 2018 LA follows the distribution shown in Fig. 3 , top panel. These values are comparatively low when considering collisions between members of the general NEO population (see e.g. Fig. 16 in de la Fuente Marcos & de la Fuente Marcos 2018c). All these properties might be compatible with a scenario in which 2018 LA may have been released after a relatively recent impact on 454100 but, how often might such an episode occur? Are there any recent observational data compatible with presentday shattering impacts? The answer is that such collisions are unusual, but definitely not uncommon; asteroid (596) Scheila 1906 UA experienced a sub-critical impact in 2010 December, the impact velocity was probably close to 5 km s −1 (see e.g. Bodewits et al. 2011; Ishiguro et al. 2011; Jewitt et al. 2011) , which is the typical value across the main asteroid belt.
However, the relative orbital orientation has an effect on the velocity distribution of collisions between objects following 2018 LA-like orbits. Figure 3 shows the results of numerical experiments -similar to those of 454100 and 2018 LA -for relevant pairs of NEOs following 2018 LA-like orbits. Gentle approaches are possible as in the case of 2016 LR and 2018 LA (Fig. 3, middle panel) , but high-speed fly-bys are also observed as in the case of 454100 and 2018 TU (Fig. 3, second to top  panel) . Encounters between 2016 LR and 2018 LA take place at perihelion and within the time window discussed for 454100 and 2018 LA. For 454100 and 2018 TU, nearly 5% of the experiments produce an encounter at a mutual separation below one Lunar distance, which resembles the behaviour observed in the case of 454100 and 2018 LA, but at much higher relative speed, 21.9±0.3 km s −1 . As for the dispersions in the orbital evolutions of these NEOs, Fig. 2 shows additional results that confirm that similar orbits and orbital evolutions, see the cases of 2018 LA and 2018 TU, can still produce high-speed encounters. At such high speeds, 21.5±0.4 km s −1 , catastrophic fragmentations are indeed possible.
Related meteor activity?
If 2018 LA was a fragment -or a fragment of a fragmentof (454100) 2013 BO 73 , it is unlikely to be alone: a sizeable stream of debris may occupy the same region of the orbital parameter space. If this hypothesis is correct, some evidence in the form of meteors coming from approximately the same sky position around the same time of the year should exist. The ephemerides show that the Botswana fireball of 2018 June 2 came approximately from (α o , δ o )∼(243.6
• , −10.5 • ), which is in the constellation of Scorpius, and had a velocity of ∼17 km s −1 . We have searched the available literature on meteor activity (e.g. Jenniskens 2006 ) and found one meteor shower that might be related to 2018 LA: the χ-Scorpiids (Sekanina 1973) . Activity for this meteor shower is observed from May 28 to June 5 with a periodicity of 2.7 yr and Sekanina (1973) gives a radiant of (243.4
• ± 1.9
• , −10.8 • ± 1.0 • ), a geocentric velocity of 19.9 km s −1 , and mean orbital elements referred to the equinox 1950.0 -a = 1.943 AU, q = 0.639 ± 0.013 AU, e = 0.671 ± 0.017, i = 6.8
• ± 0.7
• , Ω = 65.9
• ± 2.7
• , and ω = 265.4
• ± 1.6
• . Sekanina (1973) includes the χ-Scorpiids as a member of the Great Cluster of meteor showers, which he considers as the greatest concentration of possibly related meteoroid streams. Babadzhanov et al. (2013) gives a list of NEOs that may be associated with the χ-Scorpiids and parameters for the meteor shower similar to those in Sekanina (1973) .
From the values in Table 1 and the observed radiant and velocity of the Botswana fireball, we can conclude that the χ-Scorpiids are a very good match in terms of timing (within the year), radiant and associated velocity, and orientation in space, but the shape of the theoretical orbit is significantly more elongated than those of 454100, 2018 LA, and related objects. Although the χ-Scorpiids seem to be a promising match, the fact that meteor activity has long been recorded from that area of the sky at the right time of the year lends support to the hypothesis that 2018 LA could be part of a stream of debris with a possible origin in perhaps 454100. The recent close fly-by by 2018 UA 5 at just 0.04 Lunar distances on 2018 October 19 (fourth-closest pass by the Earth on record, other than impacts), a H = 30.1 mag meteoroid that now follows an orbit very similar to that of 454100 (i.e. it matches the criterion discussed above) suggests that the presence of dynamically coherent debris cannot be discarded in this case. Having discovered one impactor and one very close passer-by with similar osculating orbital elements within about four months of each other may be more than just a coincidence. Interestingly, the pre-encounter orbit of 2018 UA is given by JPL's SBDB as a = 1.930 AU, e = 0.550, i = 6.4
• , which is close to that of the χ-Scorpiids in Sekanina (1973) .
NEO model predictions
If 2018 LA is associated with periodic meteor activity, this must be accompanied by a larger-than-expected fraction of observed minor bodies following trajectories resembling those of 2018 LA or (454100) 2013 BO 73 . If the hypothetical ensemble of small bodies, which are the source of the observed meteor activity, are the result of a relatively recent fragmentation event of any kind, such a feature cannot be present in synthetic, debiased data from a NEO population model. By comparing observational and synthetic data we may be able to understand better the circumstances surrounding 2018 LA's impact. The NEO orbit model developed within the framework of the Near-Earth Object Population Observation Program (NEOPOP) and described by is the state-of-the-art tool that can make such a comparison possible; this new fourdimensional model of the NEO population describes debiased steady-state distributions of a, e, i, and H in the range 17 < H < 25. When generating synthetic orbits from the NEO model, the two additional angular elements, Ω and ω, are drawn from flat distributions. It is, however, well known that the unbiased distributions in Ω and ω are not flat and also that selection effects significantly affect the distributions of these angular elements (see e.g. JeongAhn & Malhotra 2014). have estimated that the error arising from the assumption of flat distributions is around 5% or less for the debiased NEO population. The software for generating a realization of the model is publicly available 6 and the NEO model has already been used to complete several recent NEO studies that reproduce observed distributions of NEO properties (Granvik et al. 2016 (Granvik et al. , 2017 Granvik & Brown 2018) . In addition, its results are consistent with an independent analysis carried out by Tricarico (2017) .
We have used the list of NEOs currently catalogued (as of 2018 November 11, 14 439 objects with H < 25 mag) and found nine objects following 454100-like orbits and 17 pursuing 2018 LA-like ones (applying the D criteria discussed above). The orbit model, for a sample of the same size (i.e. 14 439 objects), predicts 4.6±1.9 and 5.1±2.2, respectively, which represent excess deviations of 2.3σ and 5.4σ, respectively, of the numbers actually observed with respect to those predicted: averages and standard deviations from 50 subsamples (of 14 439 synthetic objects) of the orbit model. This suggests that an excess of small bodies following trajectories resembling those of 2018 LA or (454100) 2013 BO 73 may exist and, if true, this is consistent with our hypothetical scenario in which 2018 LA and 454100 could be related and associated with periodic meteor activity. It is, however, possible that current observational data may be biased in favour of this type of orbit simply because they tend to pass closer to our planet (see the case of 2018 UA above) and this fact makes them easier to discover.
The NEOPOP software predicts the existence of over 800 000 NEOs with H < 25 mag, but the size of the observed sample of NEOs in the same range of absolute magnitudes is 14 439. Therefore, we can put the completeness level of the overall NEO sample in this magnitude range at ∼1.8%. Following the same reasoning and for 454100-like orbits, the NEOPOP software predicts 237 NEOs but the number actually observed is nine; therefore, the completeness level in this case could be ∼3.8%. For 2018 LA-like orbits, the NEOPOP software predicts 251 NEOs for an actual observational tally of 17, which gives a completeness level of ∼6.8%. In both cases, the completeness level is higher than the total one so we can assume that NEOs following 454100-like or 2018 LA-like orbits are indeed easier to observe than the average NEO. However, objects in orbits similar to that of 2018 LA are nearly twice as likely to be observed than those following 454100-like paths. These results have been obtained assuming that D LS and D R < 0.05, as we did in previous sections, and show that extracting a subsample of 14 439 synthetic NEOs from the model does not provide an orbit distribution that can be meaningfully compared with the observed distribution of NEOs, because selection effects have not been accounted for. However, subsamples generated using the NEOPOP sofware are expected to be free from observational biases for the most part, though not fully for Ω and ω (see above).
Let us assume that the null hypothesis is that the sample of NEOs linked to a given one (D LS and D R < 0.05) can be detected from the NEO orbit model; in other words, the null hypothesis is that a similar cluster of orbits as found around 2018 LA and 454100 would be found amongst synthetic NEOs. Although the empirical sample is affected by various observational biases, we want to study how strongly the data can reject (or not) the null hypothesis. Following the ideas discussed by Fisher (1935) , here we apply a randomization test for a monovariate two-sample problem. This non-parametric statistical test will tell us if the excesses found above are statistically significant. Our test statistics is the difference between the observed number of NEOs with orbits similar to the one given and the predicted number using synthetic data. As pointed out above, the empirical sample includes 14 439 NEOs with H < 25 mag and using the previously 6 http://neo.ssa.esa.int/neo-population. mentioned criterion for similarity we obtain that, empirically, nine NEOs follow 454100-like orbits and 17 follow 2018 LAlike orbits; the predictions using synthetic data are 4.6±1.9 and 5.1±2.2, respectively. Therefore, the respective differences (our test statistics) are 4.4±1.9 and 11.9±2.2. In order to implement the randomization test, we used one instance of the NEO orbit model (over 800 000 NEOs) and extracted two random samples, each one including 14 439 synthetic NEOs; then found for both samples how many synthetic NEOs had 454100-like orbits and how many had 2018 LA-like orbits, and computed the differences. We repeated this experiment 10 000 times to obtain the distribution of differences.
The results of these experiments are plotted in the form of histograms in Fig. 4 together with the observed average values of the test statistics (as vertical black lines). From the figure, the excess of 454100-like orbits (top panel) may not be out of the ordinary, but the one observed for 2018 LA-like orbits (middle panel) is significant as it is well separated from the bulk of the distribution. Our results show that the probability of getting a difference > 2.5 for 454100-like orbits is 0.3746 and that of getting a value > 4.4 is 0.1150 (see Fig. 4, top panel) . Therefore and for 454100-like orbits, the null hypothesis cannot be rejected at any meaningful level of significance. In sharp contrast and for 2018 LA-like orbits, the probability of getting a difference > 9.7 is 0.0017 and that of obtaining > 11.9 is 0.0003 (see Fig. 4 , middle panel), which means that the null hypothesis can be safely rejected for these orbits. In summary, the answer to the original question -how likely is such a large number of NEOs moving in 2018 LA-like orbits if those orbits come from a distribution compatible with the one provided by the NEO orbit model? -is a robust "very unlikely". As the 2018 LA-like orbits have assumedly evolved out of 454100-like ones within the context of our hypothesis, relatively stable orbits turn into those that may lead to an impact, passing regularly closer to our observation point on the Earth. If we focus on 2018 UA-like orbits (the close passer-by with very uncertain orbit) instead, we have an empirical tally of 13, a synthetic one of 3.3±1.8, and a test statistics of 9.7±1.8; a similar set of experiments shows that the probability of getting a difference > 7.9 is 0.0027 and that of obtaining > 9.7 is 0.0001 (see Fig. 4 , bottom panel), which indicate that the excess of 2018 UA-like orbits is also statistically significant.
Discussion
The study of possible dynamical and/or genetic relationships amongst members of the NEO population has implications in knowledge areas as diverse as the evolution of the NEO population, the study of the near-Earth space environment, in situ exploration and commercial applications of NEOs, and planetary defense (see e.g. Elvis 2012; Harris & Drube 2014; Mainzer 2017) . Our extensive calculations indicate that within the NEO orbital parameter space both low-speed (relative velocity under 2 km s −1 ) and high-speed (above 20 km s −1 ) collisions are possible; that is, cratering and catastrophic impacts are both feasible amongst members of dynamically similar NEO groups. This could be considered as an additional piece of evidence in favour of fragmentation taking place in near-Earth space; a more robust example has been discussed by de la Fuente Marcos & de la Fuente Marcos (2019), but in that case fission via the YORP mechanism (see e.g. Jacobson & Scheeres 2011) , not actual impacts, is thought to be the cause.
Our statistical tests confirm that the presence of (454100) 2013 BO 73 is compatible with predictions from the NEO orbit A&A proofs: manuscript no. fragment model used here, but that of 2018 LA (and 2018 UA) is probably not. However, and with the available data, we cannot tell anything certain about the significance of the link between 454100 and 2018 LA, spectroscopic (i.e. compositional) information is needed in order to do this properly. After analysing the relative dynamics of relevant NEOs following these orbits, it cannot be discarded that most members of the group could be the result of collisional cascades that produce multi-generation fragments as envisioned by, for example, Farinella et al. (1994) . The dynamical landscape is consistent with this scenario; fragments of fragments can easily be produced under those conditions. As pointed out above, the orbit model used here has intrinsic limitations but a, e, and i define the Tisserand parameter (see e.g. Murray & Dermott 1999) that is approximately conserved during the close encounters of these objects with Venus and the Earth-Moon system as shown in Fig. 1 , bottom panel. Even if the true distributions of Ω and ω have been disregarded in our analysis, the essence of the dynamical processes driving the orbital evolution of the relevant NEOs has been captured by our extensive simulations and statistical analyses, and their overall conclusions can be considered as sufficiently robust. It is also worth mentioning that the orbits of 2018 LA and related objects are very typical of Earth's impactors as seen in Fig. 1 of Vereš et al. (2009) , which strongly suggests that they must be preferentially removed (relative to other NEO orbits), yet they seem to be overabundant. Assuming that this is not the result of some hidden and strong observational bias or selection effect, a natural scenario that explains qualitatively what is observed is in the existence of collisional cascades still taking place within this dynamical group; objects like 2018 LA are lost, but new impacts (within the group) replenish the losses (being in the form of impacts or NEOs being scattered away from the dynamical neighbourhood of 2018 LA).
Conclusions
In this paper, we have studied the pre-impact orbital evolution of 2018 LA, the parent body of the fireball observed over South Africa and Botswana on 2018 June 2. The dynamical evolution of other, perhaps related, minor bodies has been explored as well. This research has been carried out using the latest data, N-body simulations, a state-of-the-art NEO orbit model, and statistical analyses. Our conclusions can be summarized as follows.
(i) We have identified a group of known NEOs that follow orbits similar to that of 2018 LA and whose dynamical behaviour bears some resemblance to that of 2018 LA, prior to its impact. The largest member of this group is (454100) 
